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EERC DISCLAIMER

LEGAL NOTICE This research report was prepared by the Energy & Environmental
Research Center (EERC), an agency of the University of North Dakota, as an account of work
sponsored by the U.S. Army Corps of Engineers. Because of the research nature of the work
performed, neither the EERC nor any of its employees makes any warranty, express or implied,
or assumes any legal liability or responsibility for the accuracy, completeness, or usefulness of
any information, apparatus, product, or process disclosed or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product, process, or
service by trade name, trademark, manufacturer, or otherwise does not necessarily constitute or
imply its endorsement or recommendation by the EERC.
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PRODUCTION OF JP-8-BASED HYDROGEN AND ADVANCED
TACTICAL FUELS FOR THE U.S. MILITARY
COOPERATIVE AGREEMENT NO. W9132T-08-2-0014
FINAL PROJECT REPORT FOR THE PERIOD
JUNE 25, 2008 - SEPTEMBER 24, 2009

EXECUTIVE SUMMARY

The University of North Dakota Energy & Environmental Research Center (EERC)
worked with the U.S. Army Corps of Engineers Engineering Research and Development Center
(ERDC) in Champaign, Illinois, to develop and demonstrate the production of hydrogen and
hydrocarbon fuels for use at military installations. In 2005, EERC began the first phase of a
multiyear program to develop, optimize, and demonstrate the military viability of an EERC-
developed technology for on-demand production of high-pressure hydrogen for fuel cell electric
hybrid (FCEH) vehicles. A broad goal of the program was to develop a military logistics fuel-
based hydrogen supply scenario that enables battlefield use of hydrogen in highly efficient
FCEH vehicles. A second goal was to develop advanced tactical fuels with JP-8 drop-in
compatibility and superior hydrogen-reforming properties from domestic or indigenous fossil
feedstocks such as coal, natural gas, and petroleum coke and renewable feedstocks such as crop
oils and biomass. Herein is a final report for work conducted from June 25, 2008 -
September 24, 2009, under the project entitled Production of JP-8-Based Hydrogen and
Advanced Tactical Fuels for the U.S. Military, under Cooperative Agreement No. W9132T-08-2-
0014.

This report describes technical work conducted under Task 1, hydrogen production,
purification, and vehicle development and demonstration, and Task 2, the development of
alternative (nonpetroleum) feedstock-based technologies for production of advanced tactical
fuels with JP-8 drop-in compatibility and improved properties for use as hydrogen feedstocks.
Overall project management and select strategic studies are included in Task 3.

Subtask 1.1

Optimization experiments were conducted in an EERC-developed high-pressure hydrogen
production unit. The process converts liquid, organic feedstock, and water into a high-pressure,
hydrogen-rich gas stream. A modified reactor was developed and demonstrated. This reactor
provided improved heat transfer to the catalyst bed. In order to decrease the load on downstream
purification equipment, the removal of nonhydrogen gases at high pressure was also investigated
via high-pressure condensation and physical adsorption techniques.

High-pressure condensation was not effective at removing nonhydrogen gases. Physical
adsorption, however, was effective at capturing nonhydrogen gases, specifically carbon dioxide.
Installing the physical adsorption vessel resulted in a high-pressure gas stream (6000 psi) that
contained 96 mol% hydrogen.

viil



Subtask 1.2.1

Under this activity, the EERC is evaluating the use of the Oak Ridge National Laboratory
(ORNL)-developed electrical swing adsorption (ESA) process for purification of high-pressure
hydrogen produced from the HPWR process. If successful, the ESA process has the potential to
significantly increase the production efficiency and lower the power costs of purification relative
to the standard method used at low pressures: pressure swing adsorption.

The first task was to develop an electrically conductive high-surface-density monolithic
adsorber for use in the system. Three routes were pursued, all involving the creation or use of
activated carbon as the base adsorber material. In two routes, we attempted to first make very
high density carbon monoliths using carbon fibers and/or phenolic resins and then activate the
monolith. This technique was not successful because the level of activation of the carbon; i.e.,
the increase in adsorptivity due to partial oxidation was always much lower than can be found in
commercial activated carbons. Therefore, we focused on making monoliths from commercially
available powdered activated carbon. This effort was successful in making monoliths with
approximately twice the surface area density of the powdered material, an electrical resistivity of
1.2 inch-ohms, and a compressive strength of 3500 pounds per square inch. Adsorptivity of the
monoliths was tested by passing a mixture of Hy, CH4, CO, and CO; gases through cylinders of
the material at up to 800 psig. These tests demonstrated that the cylinders were very good at
providing high-purity hydrogen from a gas mixture. However, significant heating occurred when
an electric current was passed through the saturated monoliths during attempted regeneration.
Therefore, a method of treating the activated carbon was developed to reduce its electrical
resistivity by a factor of 10. The new material will be tested at higher pressures in the pilot-scale
test system described below.

Work in this activity also continued with design and construction of the 12,000 psi ESA
test system. Before the design of the system was finalized, two project engineers were trained in
high-pressure hydrogen technology and safety. A quantifiable risk assessment of the system was
performed in order to ensure safe remote operation in an open pilot plant setting. Risk needed to
be equivalent to or better than that experienced by workers at a commercial hydrogen-fueling
station. One engineer also obtained certification as a hydrogen safety engineer. The system was
designed for remote operation, and all electrical components met the National Electrical Code
Class 1 Division 2 rating for operation in environments that may contain explosive gases.

The 12,000 psi ESA test system creates simulated reformate gases by blending pure gases
from cylinders, which are then compressed to up to 12,000 psi and passed through the adsorber
monoliths. Changes in gas composition at the outlet can be continuously measured with a laser
gas analyzer, and temperature changes in the monoliths can be monitored by six embedded
thermocouples. Electric currents can be passed through the monoliths to determine how well the
adsorbed gases are driven off and how temperature changes during that process. The system will
be used in future work in this activity to refine operating procedures, determine gas adsorptivity
and breakthrough behavior at high pressure, and develop monolith regeneration procedures. As
of the end of this phase of work, the 12,000 psi ESA test system was constructed and ready for
shakedown and testing.
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Subtask 1.2.2

The development of efficient, cost-effective, and scalable hydrogen separation and
purification technologies are key requirements for the advancement of a hydrogen economy
since ultrapure hydrogen (99.9% H,) is the ideal fuel for polymer electrolyte membrane fuel
cells. Electrochemical hydrogen separation and purification using proton exchange membranes
was based on reversible hydrogen oxidation and reduction reactions. It is expected that minimal
power should be required to operate the electrochemical process, and the hydrogen purity
produced at the cathode is very high. Hydrogen normally produced from hydrocarbons contains a
level of CO up to 2%. This high CO level requires the development of an electrochemical
hydrogen purification technology based on high-temperature proton-conducting membranes
since Pt catalysts can tolerate such high CO levels without significant activity degradation at
increased temperature.

The electrochemical hydrogen purification process was investigated using high-
temperature polymer electrolyte membranes at ambient and increased pressure. All
electrochemical experiments were performed using a 50-cm” active area electrochemical cell
comprising two metal end plates, two parallel multichannel serpentine flow field graphite plates,
and a high-temperature membrane—electrode assembly (MEA). During each run, a simulated gas
stream consisting of 76% Ha, 2% CO, 2% CH,4, and 20% CO; was supplied to the anode side,
and high-purity nitrogen was fed to the cathode side to carry hydrogen purified for gas analysis.

The feasibility of the electrochemical hydrogen purification process was demonstrated, and
the electrochemical process was optimized at ambient pressure. At three operating temperatures
of 140°, 160°, and 180°C, only hydrogen was produced at the cathode. Moreover, the current
efficiency for the hydrogen purification process was higher than 90% at the three temperatures
above and at a constant current of 200 mA cm™. The cell voltage measured at this constant
current density was dependent upon the operating temperature. At 140°C, a value of around
0.14 V was obtained. This value was decreased to around 0.06 V when the temperature was
increased to 180°C. Moreover, it was found that the cell voltage almost remained constant at
controlled constant current polarizations. The purification process was further investigated as a
function of process start-up and shutdown. Exclusive hydrogen gas at the cathode, high current
efficiency, and stable low cell voltage were reproduced.

Work was initialized on tailoring the process for use at elevated pressure. The next phase
of work will focus on the feasibility demonstration and optimization of the high-pressure
hydrogen purification processes.

Subtask 2.1

The EERC developed an advanced distributed-scale gasifier that can convert widely
available complex waste resources into energy, liquid fuels, or hydrogen. The gasifier
accommodates fuel composition variations that attain self-sustained, steady-state gasification in
the simplest configuration while maintaining near-zero effluent discharge. The new gasification
design was tested for improved performance using a wide range of biomass fuel.



The fuels selected for self-sustained gasification experiments were high-moisture biomass
waste (moisture ranging from 35% to 60%), high-moisture PRB coal (26%-30%), and creosote-
treated railroad ties—a hybrid fuel having characteristics of woody biomass (base material is oak
wood) but with an included creosote (complex mixture of coal tar).

Woody biomass containing moisture greater than 50% was tested during a 24-hour
gasification test. Desired variations in syngas composition for application in the liquid synthesis
process (high H»/CO ratio) and electricity production (high CO/H;) ratio were achieved by
varying the gasifier operating condition. The worst-case tar produced in case of wet biomass
gasification was 3830 mg/m3 and 290 mg/m3 in hot and cold syngas, respectively. The
particulate matter concentration determined was 175 and 54 mg/m3 in hot and cold syngas,
respectively.

Tests using high moisture coal as feedstock also showed high H»/CO and CO/CO; ratios in
the syngas, which would be excellent syngas quality for hydrogen and liquid fuels production.
During 13 hR steady state gasification of 35% moisture wood waste, hydrogen rich syngas
composition was produced with an achieved average and highest H,/CO ratio of 1.51 and 2.26
respectively. Such steady state gasification could be obtained on high moisture biomass for
commercial liquid production system.

Tests on the creosote treated railroad ties were primarily concerned with lowering tar
generation in the gasification process and removing tars with post-gasification scrubbing. The
level of tar during steady-state gasification of railroad tie in the unscrubbed hot syngas and
scrubbed syngas was determined to be 822 and 200 mg/m’, respectively, while the particulate
concentration was 353 and 32 mg/m’, respectively. The cold-side tar contained about 83%
toluene and xylenes which are typically used as performance enhancers in internal combustion
engines. No tar heaver than naphthalene (only 7%) escaped the syngas polisher. Fine
performance adjustments in the syngas polisher can lead to higher than 95% tar capture.

Overall, the performance study revealed that gasification efficiency greater than 80% could
be achieved for fuel such as railroad ties and high-moisture biomass. The primary advantage of
utilizing waste without requiring predrying is envisaged to be a simple system, and moisture
could be used as gasification medium.

Subtask 2.2.1

In order to develop and demonstrate a bench-scale coal-/biomass-to-liquids process, three
large batches of an iron-based, Fischer-Tropsch (FT) catalyst, 1 kilogram each, were prepared
and evaluated in a lab-scale FT reactor. After the effectiveness of the catalyst was verified, the
catalysts were loaded into the bench-scale FT reactor, which was used to convert coal-biomass
derived syngas into FT liquids. The liquids were subsequently upgraded into synthetic
isoparaffinic kerosene (SPK) that is compatible with military-grade JP-8 jet fuel.

Further tests were conducted on the FT iron catalyst preparation method in order to

improve the repeatability of catalyst production and the stability and performance of the catalyst.
It was determined that if the catalyst is exposed to atmospheric water vapor for extended periods
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of time, activity and selectivity to heavier hydrocarbons will be negatively impacted. Also, the
catalyst must be exposed to dry, flowing air during calcining in order to maximize performance.

The FT iron catalyst was promoted with varying amounts of lanthanum oxide to determine
potential effects on catalyst productivity and product selectivity. It may be that small amounts of
lanthanum help to improve selectivity to heavy hydrocarbons, but too much may negatively
impact catalyst performance. The trials were confounded by excessive variation in iron and
potassium loading on the catalyst, and the results of the experiment may be due in large part to
the ratio of potassium to iron.

Various FT catalysts were received from a commercial catalyst supplier. These catalysts
were tested in the small-scale FT reactor. The performance of the catalyst was evaluated and
compared to the FT catalyst developed at the EERC. The results were reported back to the
supplier to assist in improving the catalyst formulation for future tests.

Subtask 2.2.2

The EERC developed a process to convert plant- or animal-derived fats and oils into
hydrocarbon fuels. The fuels produced from this process are chemically identical to their
petroleum-derived counterparts.

Under Construction Engineering Research Laboratory (CERL) funding, experiments were
conducted to support process scale-up. Laboratory experiments were conducted in continuous
process systems, typically run at 0-6 L/hr. Feedstock flexibility was demonstrated. A feedstock-
flexible process is less sensitive to specific feedstock prices and, therefore, reduces the economic
risks associated with feedstock price volatility. To demonstrate feedstock flexibility, researchers
experimented with many different crop oil and fatty acid feedstocks. Feedstock effect on product
composition and quality was investigated. The process proved to be extremely feedstock-flexible
with the only notable difference, when varying feedstock, being the chain length of the
hydrocarbon product.

Operational parameters were also investigated in order to optimize the process and to
reduce overall operating costs. Reactor pressure, oil feed rate, and hydrogen feed rate were
varied to determine their effect on product quality. The minimum operating condition was found
for each variable. Reaction kinetics were also investigated, and a kinetic model was developed to
fit the experimental data. This model showed that the reaction was first order with respect to
feedstock concentration and a fractional order with respect to hydrogen partial pressure.

Process integration strategies were investigated. The main conclusion from this analysis
was that the high-cetane, low-sulfur, renewable hydrocarbon fuel that is produced from the
EERC process could be a valuable product for refineries to blend into their existing diesel pool.

Subtask 2.3 Development of Modular Systems for Distributed Fuels and Energy

The EERC performed a brief evaluation of specific renewable technologies focused on the
distributed production of fuels and/or energy. Technologies evaluated were biomass gasification
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coupled with internal combustion engine, biomass gasification coupled with synthetic natural gas
(SNG) production, biomass gasification coupled with the FT process, and -catalytic
hydrodeoxygenation isomerization (CHI).

Based on previous work on different projects by National Renewable Energy Laboratory,
Princeton University, and the EERC, process efficiencies, energy balances, and block diagrams
were determined for each process based on a “normalized” input Btu content of the feedstock,
and output quantities and makeup were then derived.

Using these results the EERC evaluated these technologies for a specific military facility,
Grand Forks Air Force Base (GFAFB) located near Grand Forks, North Dakota. Fuel and energy
usage information was provided by GFAFB personnel, and each technology was evaluated to
determine the potential to offset current fuels or energy usage.

Based on reasonableness of scale, cost, and feedstock availability, three technologies
appear to warrant further study: 1) biomass gasification coupled with SNG production to offset
propane usage, 2) diesel production using biomass gasification coupled with FT, and 3) CHI
process to offset diesel usage.

Task 3

This task facilitated management of the entire project, Production of JP-8-Based Hydrogen
and Advanced Tactical Fuels for the U.S. Military, under Cooperative Agreement No. W9132T-
08-2-0014. Task 3 included all project management such as tracking deliverables and budgets,
monthly and quarterly reporting, final reporting, internal project meetings, project review
meetings with U.S. Army ERDC’s CERL staff, and strategic studies.

In the area strategic studies and publications, a special ERDC/CERL technical report was
initiated and completed to a draft copy. The technical report is entitled Development and
Demonstration of Hydrogen Production and Purification Systems for U.S. Military Fuel Cell
Vehicles. The report summarizes activities to date related to the development of the high-
pressure hydrogen production, purification, refueling, and vehicle demonstration work.

A second major strategic studies effort involved work done to put together a biomass
resource and characterization assessment for the contiguous United States. A report was written
that gives the current status biomass availability for conversion to power and fuels. Biomass
types considered included agricultural and forest residues and energy crops and urban residuals.
Primary data consisted of county-by-county biomass resource types and estimates and also
included some data on the chemical and physical properties of those sources. The study included
some data and information on national land ownership, climate zones, and biomass-growing
conditions. One conclusion drawn from the study is that there is no single ideal biomass source.
While some sources may have ideal combustion and cofiring properties, such as wood, other
sources are optimal feedstocks for fuel production, such as corn or soybeans. In addition, no type
of biomass is uniformly available across the United States or even within individual states.
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PRODUCTION OF JP-8-BASED HYDROGEN AND ADVANCED
TACTICAL FUELS FOR THE U.S. MILITARY
COOPERATIVE AGREEMENT NO. W9132T-08-2-0014 FINAL PROJECT REPORT
FOR THE PERIOD JUNE 25, 2008 - SEPTEMBER 24, 2009

INTRODUCTION

The University of North Dakota Energy & Environmental Research Center (EERC) has
been working with the U.S. Army Corps of Engineers Engineering Research and Development
Center (ERDC) in Champaign, Illinois, to develop and demonstrate hydrogen and hydrocarbon
fuels production and use at military installations. In 2005, the EERC was awarded a contract
under Broad Agency Announcement (BAA) WO9132T-04-R-BAAl: PEM Fuel Cell
Demonstration and began the first phase of a multiyear program to develop, optimize, and
demonstrate the military viability of an EERC-developed technology for on-demand production
of high-pressure hydrogen for fuel cell electric hybrid (FCEH) vehicles. The overall goal of the
program was to develop a military logistics fuel-based hydrogen supply scenario that enables
battlefield use of hydrogen in highly efficient FCEH vehicles, thereby helping to meet the U.S.
Army after Next (AAN) objective of a 75% reduction in battlefield petroleum use. Work
performed previously under the Cooperative Agreement was documented in annual reports filed
with ERDC.

In 2008 a new contract, Cooperative Agreement W9132T-08-2-0014, was awarded to the
EERC to provide funding to continue the research and development of hydrogen and fuel
production technologies with military relevance. This report includes work conducted under
Cooperative Agreement W9132T-08-2-0014 during the reporting period of June 25, 2008, to
September 24, 2009.

Cooperative Agreement W9132T-08-2-0014 has since been modified to provide additional
funding for continued research and development and extends the Cooperative Agreement period
of performance to January 1, 2011.

PREVIOUS KEY ACCOMPLISHMENTS

Since 2006, the following activities have been conducted:

e The EERC preliminarily evaluated the military viability of the high-pressure water
reforming (HPWR) concept for on-demand production of high-pressure proton
exchange membrane (PEM) fuel cell-quality hydrogen from JP-8, resulting in a positive
proof-of-concept assessment.

e The EERC completed the design, fabrication, and shakedown of a pilot-scale
(600-standard cubic feet/hour [l.5-kilograms/hour]) HPWR hydrogen production
system.



The EERC completed required facility upgrades for conducting HPWR system
optimization activities.

The EERC initiated partnership arrangements with major catalyst suppliers, including
CRI International, Johnson Matthey, and Sud Chemie to enable project access to
catalysts and/or catalyst combinations with the best potential for generating maximum
hydrogen and minimum coke production in the HPWR system.

HPWR process optimization testing was conducted using aromatics- and sulfur-free
Syntroleum-produced “S-8” fuel as feedstock. Initial results have demonstrated good
hydrogen production, as measured by product gas hydrogen concentrations of up to
56% (versus a maximum theoretical concentration of 75%), and indicated the need for
increased S-8 *‘cracking” prior to hydrogen production to achieve a higher overall
hydrogen yield.

ePower designed and built a FCEH forklift to operate in the cold winter and hot summer
weather of Grand Forks Army National Guard Base (GFARNGB). The forklift was
delivered to GFARNGB and demonstrated for over 1 year before being
decommissioned and returned to ePower. Development of an FCEH multipurpose
utility vehicle (MPUV) was initiated and then halted after ePower Synergies was unable
to meet the performance specification requirements with the first of two Bobcat®
MPUVs. Two additional FCEH forklift vehicles were fabricated and delivered to
Robins Air Force Base (AFB) for demonstration activities. The FCEH forklift vehicles
were delivered to Robins AFB on December 18, 2007, and April 27, 2009.

In collaboration with Kraus Global Inc. and Airgas, Inc., the EERC designed,
fabricated, shook down, and installed at GFARNGB a hydrogen-dispensing system that
delivers high-pressure hydrogen. The dispensing system was utilized at GFARNGB to
refuel the ePower-designed FCEH forklift and provided an interim hydrogen supply to
support FCEH vehicle demonstration activities in advance of a fully integrated HPWR-
based hydrogen production, purification, and dispensing system running on JP-8. The
EERC and ePower conducted a training session at GFARNGB on October 19, 2006, to
provide instruction to base personnel on the proper and safe operation of the hydrogen
refueler and the FCEH forklift.

The EERC investigated options for increasing the density of commercially available
activated carbon sorbents without reducing their surface areas. The purpose of this work
was to create a high-density electrically conductive monolithic adsorber for purifying
hydrogen at very high pressures. The monolithic design is necessary whether electrical,
pressure, or thermal swinging is used to regenerate the adsorber. Monoliths have been
made using mixtures of granular and powdered activated carbon tested at up to
800 psig. They are effective at adsorbing contaminants from the gas stream, leaving
pure hydrogen.

Tests of the regeneration of the monoliths at up to 800 psig using electric currents have
shown significant heating of the monolith, indicating that gas desorption may be due to



the heating and not the electric current alone. However, we are working to make more
electrically conductive monoliths which may better show gas desorption due to the
electric current before any heating occurs.

Two engineers have been trained in high-pressure hydrogen technologies and have
performed a detailed risk assessment of the operation of a 12,000 psi electric swing
adsorption (ESA) system operated in an open-bay area with other workers in the
facility. The assessment led to design changes in order to match the safety level
equivalent to that of trained operators at a commercial hydrogen-refueling station.

A 12,000 psi ESA test system capable of purifying 300 scth of reformed gas was
designed and constructed. The system is designed for remote computer-controlled
operation and has automatically operated safety procedures in case of a gas leak. Two
monolith pressure vessels were installed: one for a l.5-inch-diameter monolith
24 inches long, the other for a 2.5-inch-diameter monolith 36 inches long.

In collaboration with U.S. military fuel experts and commercial fuel developers, the
EERC developed a process to produce a renewable biomass-derived turbine fuel with
JP-8 “drop-in compatibility” (the ability to meet all JP-8 military specifications and “fit-
for-purpose” requirements). Theoretical design, chemical modeling, and bench-scale
thermocatalytic processing activities were used to produce a crop oil-derived JP-8—an
advanced tactical fuel with excellent properties (zero aromatics and sulfur content) for
use as a turbine engine fuel or a feedstock for the HPWR hydrogen production process.

The EERC worked with technology providers and catalyst producers to initiate
development of a process for producing a drop-in-compatible alternative JP-8 from
nonpetroleum feedstocks, including coal, natural gas, and biomass. Initial work was
focused on enhancing the chemical composition of fossil-based Fischer-Tropsch (FT)
fuel as required to meet all military JP-8 specification and fit-for-purpose requirements
and serve as a superior feedstock for the HPWR hydrogen production process.

A bench-scale reactor was designed and built to convert syngas to liquid fuels which,
upon upgrading, meet key specification requirements of JP-8.

Three large batches of an iron-based FT catalyst, 1 kilogram each, were prepared and
evaluated in the small-scale FT reactor. The large batches were loaded into the large-
scale FT reactor, which was used to convert coal-biomass-derived syngas into FT
liquids. The liquids were subsequently upgraded into SPK (synthetic paraffinic
kerosene) that is compatible with JP-8 jet fuel.

Further tests were conducted on the FT iron catalyst preparation method in order to
improve the repeatability of catalyst production and the stability and performance of the
catalyst. It was determined that if the catalyst is exposed to atmospheric water vapor for
extended periods of time, activity and selectivity to heavier hydrocarbons will be
negatively impacted. Also, the catalyst must be exposed to dry, flowing air during
drying and calcining in order to maximize performance.



e The FT iron catalyst was promoted with varying amounts of lanthanum oxide to
determine potential effects on catalyst productivity and product selectivity. Small
amounts of lanthanum help to reduce the surface acidity of the alumina support, which
improves selectivity to heavy hydrocarbons. However, it appears that too much
lanthanum negatively impacts catalyst productivity.

e Various FT catalysts were received from a commercial catalyst supplier. These catalysts
were tested in the small-scale FT reactor. The performance of the catalyst was evaluated
and compared to the FT catalyst developed at the EERC. The results were reported to
the supplier to assist in improving catalyst formulation for future tests.

PROGRAM OBJECTIVES
The EERC program is designed to address the following key objectives:

e To develop and optimize the HPWR concept for on-demand production of high-
pressure PEM fuel cell-quality hydrogen from JP-8 and other feedstocks.

e To develop advanced tactical fuels with JP-8 drop-in compatibility and superior
hydrogen-reforming properties from domestic or indigenous fossil feedstocks such as

coal, natural gas, and petroleum coke and renewable feedstocks such as crop oils and
biomass.

e To advance the development of FCEH vehicles through demonstration of fuel cell-
powered vehicles and hydrogen dispensing and refueling systems at military
installations.

These objectives are addressed through the performance of multiple tasks and activities.
Specific objectives for the individual tasks and activities include the following:

1) Complete optimization of the HPWR hydrogen production system.

2) Complete optimization of the ESA hydrogen purification system.

3) Initiate design and fabrication of a fully integrated HPWR-ESA-based system for on-
demand production, purification, and dispensing of high-pressure PEM fuel cell-quality
hydrogen from JP-8.

4) Initiate demonstration at GFARNGB of an FCEH MPUV manufactured by ePower.

5) Optimize a bench-scale FT reactor.

6) Optimize catalyst production.

7) Develop a proof-of-concept system for novel EERC-designed two-stage gasifier.



8) Continue development of modular distributed energy and fuel production systems.

9) Design and fabricate a laboratory-scale ESA system for process optimization, and
initiate ESA optimization, with the goal of advancing the technology sufficiently to
enable purification of HPWR-generated hydrogen to PEM fuel cell-quality.

Objectives 1-3 and 5-8 have been achieved during the period of performance covered in
this report. Objective 4 could not be achieved since a working MPUV was not delivered by
ePower; work continues on Objective 9.

PROJECT RESULTS
The EERC program consists of three tasks:
Task 1 — Integrated Demonstration of JP-8-Based Hydrogen Production and Dispensing
Task 2 — Fuel Production from Alternative Feedstocks
Task 3 — Project Management and Reporting

Under Tasks 1 and 2, several activities were performed to achieve the stated program
objectives.

Task 1 - Integrated Demonstration of JP-8-Based Hydrogen Production and
Dispensing

Task 1 subtasks and activities comprise HPWR-based hydrogen production process
optimization and ESA-based hydrogen purification process development and optimization. It is
anticipated that an integrated hydrogen production, purification, and dispensing system and
vehicle demonstration will be conducted at Grand Forks Air Force Base (GFAFB) under a
subsequent contract following completion of the design and fabrication of a deployable HPWR-
ESA-based hydrogen-refueling system.

Subtask 1.1 - Hydrogen Production Process Optimization
Experimental

The EERC previously developed a high-pressure hydrogen production system to reform
liquid organic feedstocks and water at operating pressures up to 12,000 psi. The advantages of
the EERC system include 1) elimination of energy-intensive hydrogen compression, 2) a smaller
process footprint, and 3) elimination of gaseous or liquid hydrogen transport. The objective of
the gas cleanup work conducted under Subtask 1.1 was to decrease the load on downstream gas
cleanup equipment that will further purify the reformate gas to PEM fuel cell quality. To
accomplish the subtask objective, the existing EERC system was optimized through a series of



reactor modifications. Thermodynamic modeling was used to determine expected carbon dioxide
removals and shakedown, and multiple test runs were conducted.

Results and Discussion

A new reactor was designed and constructed to provide better heat transfer to the catalyst
bed. The reforming reactions are endothermic, and cold-spots are possible if there is inadequate
heat transfer. A high-pressure condensation vessel was also installed downstream of the reactor
as a means to remove water and carbon dioxide from the product gas. Shakedown activities were
conducted with the new, reconfigured high-pressure reforming system. The unit was run at an
increased capacity of approximately tenfold the original system, indicating that the process can
be readily scaled up. Typical reactor conditions are shown in Table 1. Typical reformate gas
composition is shown in Table 2.

Table 1. Typical High-Pressure Reformer Conditions During

Experiments

Feedstock Methanol
Temperature, °C 350400
Pressure, psig 7500-8500
Methanol flow, Ib/hr 2
Water flow, Ib/hr 9

Table 2. Typical Reformate Gas Composition from the High-Pressure Reformer
Without CO, Absorber, With CO, Absorber, vol%

vol% [R50] [R56]
Hydrogen 74.6 83.1
Carbon Dioxide 19.1 11.1
Carbon Monoxide 2.0 1.7
Methane 1.8 1.0
Other Light Hydrocarbons CxH,) 04 0.2
Water 1.1 0.1

Thermodynamic modeling indicated that it should be possible to condense liquid carbon
dioxide simply by cooling the high-pressure gas stream. In laboratory tests, however,
condensation of carbon dioxide to liquid was not achieved in the cold, high-pressure condensate
vessel. To increase the cold surface area in the condensate vessel, steel packing was inserted.
Even with the additional condensation area provided by the steel packing, the carbon dioxide
concentration of the reformate gas remained unchanged. An alternate approach to removing
carbon dioxide from the high-pressure reformate stream involving physical absorption of the
carbon dioxide into a proprietary liquid solvent was investigated. Results in Table 2 indicate that
the physical absorption column was moderately effective at removing carbon dioxide and water
from the reformate gas stream. To prevent the absorption vessel solvent from becoming saturated
with contaminants, the solution was constantly circulated to a flash drum, where pressure was



dropped and contaminant gasses were flashed off. Clean absorbent solution was then circulated
back to the working absorption vessel. A flow diagram of the system is shown in Figure 1.

To increase gas-liquid contact time, a taller absorption column was constructed and
installed to investigate the effect of increased contact time between reformate gas and absorption
liquid on carbon dioxide absorption. This modification did not have a discernible effect on
reformate gas composition, compared to the shorter absorption column. The experiment
indicated that the contact time between the absorbent and reformate gas stream was not limiting
carbon dioxide removal, further indicating that the absorption solvent itself may be the limiting
factor. It was hypothesized that better carbon dioxide removal would be achieved with an
improved absorption solvent. This hypothesis was supported when an improved absorption
media was utilized. Results from tests using the improved absorption media, a methanol feed rate
of 1.25 Ib/hr, water feed rate of 6.25 Ib/hr, and a pressure of 6000 psi are shown in Table 3.

Accomplishments

Work during this period of performance focused on optimization of the high-pressure
production system. The reactor vessel was modified for higher hydrogen production and proof-
of-concept testing was conducted for various high-pressure gas cleanup systems. The high-
pressure carbon dioxide absorption experiments conducted resulted in promising proof-of-
concept data for the high-pressure physical absorption technique of removing carbon dioxide and
water. The absorption system will substantially reduce the load on downstream gas purification
equipment.
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Table 3. High-Pressure Reformate Gas Composition Upstream and Downstream of
an Absorption Column Designed to Remove Carbon Dioxide

Concentration (vol%) Concentration (vol%)
Upstream of Absorption Downstream of Absorption
Reformate Gas Component Column Column
Hydrogen 76 96
Carbon Dioxide 20.8 0.07
Methane 1.5 2.1
Carbon Monoxide 1.5 1.8

A peer-reviewed journal article titled “On-demand Hydrogen via High-Pressure Water
Reforming for Military Fuel Cell Applications” was published as a technical brief in the
November 2008 issue of the Journal of Fuel Cell Science and Technology. A copy of the journal
article is included in Appendix A.

Subtask 1.2 — High-Pressure Hydrogen Purification Process Development and
Evaluation

Multiple activities were included in Subtask 1.2
Activity 1.2.1 — ESA Process Development
Experimental

The HPWR process concept consists of converting JP-8 to a hydrogen-rich gas stream at
pressures ranging from 3200 to 12,000 psi. To maximize the benefit of generating hydrogen at
high pressure, a purification process that can work efficiently at these pressures without
significantly reducing the pressure of the hydrogen is required. Separation membranes produce
hydrogen with a pressure less than its partial pressure in the HPWR reformate stream.
Conversely, adsorption systems produce hydrogen at pressures slightly less than the total gas
pressure of the reformate. By producing and purifying hydrogen at the dispensing pressure, the
need for high capital cost and energy-intensive hydrogen compression is eliminated. Currently,
pressure swing adsorption (PSA) is the most common hydrogen purification technology in
commercial use. In PSA, a pressure drop is used to desorb contaminants from an activated
carbon sorbent, and clean hydrogen is used to purge the contaminants from the PSA vessel.
Because effecting large pressure variations with hydrogen is expensive, the use of PSA at high
pressure is unlikely to be economical. ESA represents a plausible alternative to PSA for
hydrogen purification at high pressure, since ESA relies on electrical current variation rather than
pressure variation to effect sorbent purging. Under this activity, the EERC evaluated the use of
Oak Ridge National Laboratory (ORNL)-developed ESA for purification of hydrogen produced
from the HPWR process.

Granular activated carbon is a common sorbent used in both PSA and ESA, but the high
intergranular porosity and macroporosity of typical granular activated carbon sorbents (about
80%) necessitates the use of large volumes of hydrogen to purge the mass of contaminated gas



present within the pore structures. Additionally, granular carbon beds are poor electrical
conductors. To address these technical issues, this activity focused on development of an
electrically conductive adsorber with a significantly higher density than granular beds.
Development of a dense electrically conductive monolithic activated carbon adsorber was
accomplished through the use of powdered activated carbon and binder which was then
compressed to create a monolith with a density approximately twice that of the bulk density of
powdered activated carbon. Absorptivity of the monoliths was tested by passing a mixture of Ha,
CH,4, CO, and CO, gases through small cylinders of the material. Delays and breakthroughs of
each gas in the mixture were evaluated. The gas-mixing system and pressure vessel are shown as
a schematic in Figure 2.

In addition to developing a dense electrically conductive monolithic activated carbon
adsorber, a 12,000 psi ESA system capable of testing the purification technology on a stand-
alone basis, separate from the HPWR system, was designed and built.

Results and Discussion

High-density electrically conductive activated carbon monoliths were formed using both
powdered and granular activated carbons and various binders. Approximately eight different
types of activated carbons and five different types of binders were tested. The best first-
generation monoliths had an electrical resistivity of approximately 1.2 inch-ohms. Refinements
in the methodology to produce the monoliths resulted in an increase in density and a decrease in
electrical resistance. After the development of activated carbon treatments to reduce resistance, a
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second-generation monolith with resistivity of approximately one-tenth that of the first
generation was developed. The lower resistivity reduces the amount of heating that occurs while
driving off the gas.

Efforts were also made to produce activated carbon fiber composite monoliths. The
composite material had an even higher density and lower resistivity than the pressed powdered
activated carbon monoliths. As reported in last year’s quarterly reports, efforts to activate the
carbon fiber composites focused on physical activation using compressed carbon dioxide or
steam. These attempts were unsuccessful because the pressure vessels could not reach a
sufficiently high temperature for activation. In these experiments, chemical activation using
potassium hydroxide and potassium carbonate was investigated for the carbon fiber monoliths.
The chemical activation was more successful than the previous physical activation; however, the
adsorptivity of the chemically activated carbon fiber was significantly lower (1/7) than the
powdered activated carbon. As a result, the remainder of the testing focused on the monoliths
made of the compressed powdered activated carbon.

Testing of the monoliths with a mixture of H,, CH4, CO, and CO, to simulate a reformate
stream was performed. The order of breakthrough of the gases is H,, CO, CH4 and, finally, CO,.
Figure 3 shows a graphical depiction of typical results. The original concentrations of the
different gases in the simulated reformate stream are signified by the horizontal lines in the
graph. The data show the breakthrough times for the gases when passed through a 4-inch-long
cylinder of the monolith at a flow rate and pressure of 1.5 scfh and 200 psig. The light blue line
in the graph shows the breakthrough of oxygen which had been adsorbed on the carbon from the
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Figure 3. Gas breakthrough curves for a monolith tested at
200 psig with a simulated reformate gas stream.
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air before testing. Nitrogen was not measured directly but can be calculated by difference.
Adsorptivity tests were also performed at 300 and 800 psig. Breakthrough results were similar at
the higher pressure.

Regeneration of the first-generation monoliths was evaluated at up to 800 psig using
electric currents. During the regeneration, significant heating of the monolith was noted,
potentially indicating that gas desorption may be due to the heating and not the electric current
alone. Regeneration testing of the second-generation monoliths has not yet been performed but
will be performed in future work under this activity.

Work in this activity continued with design and construction of the 12,000 psi ESA test
system. Before finalizing the design of the system, project engineers were trained in high-
pressure hydrogen technology. Design parameters required a quantifiable risk assessment of the
system to ensure safe operation in an open pilot plant setting. Risk needed to be equivalent to
that experienced by workers at a commercial hydrogen-fueling station. One engineer was
certified as a hydrogen safety engineer.

A schematic of the 12,000 psi ESA test system is shown in Figure 4. It is designed to allow
mixing of simulated reformate gases from gas cylinders. The gas is then compressed to an
operating pressure of 12,000 psi. The system will be used in future work in this activity to refine
operating procedures, determine gas adsorptivity and breakthrough behavior at high pressure,
and develop monolith regeneration procedures. The system was designed for remote operation,
and all electrical components meet the National Electrical Code Class 1 Division 2 rating for

EERC JH34591.CDR

Experimental High-Pressure Hydrogen Purification System

— | Vent/Utilization |

&

w
- - 5 —GD 3
2 High-Pressure Syngas ﬁ
& Supply System s
(12,000 psi, 300 scfh)
Synthetic Syngas E
Supply System Electric | @
175-300 psi a
o~ Iy s L AMARRLRRR.
8 8 = 5 Z G

ESA Test System
Pure H,

(0.8-1.2 Ib/h)

Figure 4. Schematic of the 12,000 psi ESA test system.
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operation in environments that may contain explosive gases. A detailed risk assessment of the
system was performed, and the system design modified as needed, to meet the suggested safety
requirements of a commercial hydrogen refueling station. The 12,000 ESA test system was
constructed and is ready for testing.

Figure 5 shows the two pressure vessels that will house the purification monoliths and
valves and a meter for controlling gas flow during the adsorption and desorption cycles. Two
monolith pressure vessels were installed: one for a 1.5-inch-diameter monolith 24 inches long
and the other for a 2.5-inch-diameter monolith 36 inches long. The smaller vessel will be used in
early development of operating procedures in order to reduce gas usage.

Figure 6 shows the air-purged box in which all electronic controls and data acquisition
connections are made. The gas cylinders will be held in the rack along the right side.

Figure 7 shows the gas compressor and the back of the board holding gas-blending valves
and regulators. The system is capable of blending up to five gases and compressing them from
175 to 300 psi inlet to up to 14,500 psi with a flow rate of up to 500 scth. However, the standard
operation will be for 175 psi inlet, outlet of 12,000 psi, and a flow rate of up to 300 scfh.

The EERC technology for producing and purifying hydrogen at high pressures offers
several advantages over systems that produce the hydrogen at low pressures and then compress

Figure 5. Monolith pressure vessels and valves and regulators that control gas flow during
adsorption and desorption testing. The open pilot plant setting can be seen behind the test
system.
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Figure 6. The air-purged electronics box in which all electronic connections are made.

Figure 7. The gas compressor and the back of the board holding
gas-blending valves and regulators.



it. The advantages include a smaller footprint, lower cost, lower operation noise, lower weight,
and lower energy requirement.

Accomplishments

Activated carbon monoliths were prepared and tested for potential use in the 12,000 psi
ESA system.

For the ESA 12,000 psi system, all equipment and parts were received and installed, and
computer programs have been written for remote operation and automatic shutdown in case of
system failures or leaks.

A technical presentation entitled “High-Pressure Hydrogen Purification Using Electrical
Swing Adsorption” was given at the American Institute of Chemical Engineers spring national
meeting in Tampa, Florida, in March 2008.

Also during this reporting period, a request was sent to the Construction Engineering
Research Laboratory (CERL) contract specialist for permission to purchase a gas analyzer for
use in the purification method development work. Permission to make the purchase was granted,
and the analyzer was purchased and received. The analyzer supported hydrogen purification
work performed under Task 1.2.1 to determine the selectivity, capacity, and regeneration activity
of the gas purification system.

Because of delays in delivery of equipment and required additional work related to safety
issues, system shakedown and testing were postponed.

Subtask 1.2.2 — Electrochemical Hydrogen Purification Process Development
Experimental

Electrochemical hydrogen purification process development work was investigated using
simulated reformate gas mixtures and two modified fuel cells with each comprising two metal
end plates, two graphite flow field plates, and a high-temperature membrane—electrode assembly
(MEA) based on high-temperature polymer proton-conducting membranes. The component
development and process optimization were carried out in an electrochemical cell with 5 cm’
active area and using a single channel serpentine flow field. The process scale-up research was
performed in an electrochemical cell with 50 cm’ active area and using a parallel multichannel
serpentine flow field. The two electrochemical cells have a similar structure which is indicated in
Figure 8. Figure 9 shows the images of the two electrochemical cells. During the electrolysis,
currents and potentials were controlled by an Autolab potentiostat/galvanostat integrated with a
20-A booster (Figure 10).

The gas streams were supplied directly from commercially available tanks without external
humidification, except where humidification is noted. The external humidification was controlled
by a water bath held at 60°C, resulting in approximately 3% relative humidity at 160°C, 6% at
140°C, and 10% at 120°C. The pressure was not regulated and open to the atmosphere. All tests
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Figure 8. Schematic diagram of an electrochemical cell.
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Figure 9. Images of electroelectrolysis cell with an active cell area of 5 cm” (a) and 50 cm? (b).
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Figure 10. A controlling system for electrochemical hydrogen purification
process which comprises an Autolab potentiostat/galvanostat, mass flow
controllers, and temperature control.

were performed in the temperature range of 140° ~ 180°C. The fuels included pure hydrogen and
simulated reformate gas (76% H,, 2% CO, 2% CH,, and 20% CO;). High-purity nitrogen was
fed to the cathode side to carry hydrogen purified for gas analysis using an Agilent 7890A gas
chromatograph (GC).

Gas diffusion electrodes with a platinum loading of 1.0 mg/cm2 were used as the cathode.
The MEAs were fabricated by hot-pressing a piece of membrane between the two Kapton-
framed electrodes. The MEA was then assembled into a single cell testing hardware.

Results and Discussion

Electrochemical Hydrogen Purification Using 5-cm? Electrolysis Cell. Initial proof-of-
concept work was performed by feeding simulated reformate gas and pure nitrogen gas through
the anode chamber and cathode chamber, respectively. Under open-circuit potential (OCP) and at
atmospheric pressure and 140°C, hydrogen permeated the polymer membrane, and CO,
crossover was too low to be detected by GC analysis. In a constant-current electrolysis mode,
only H, was detected as an exclusive cathode product, and no CO, CH,4, or CO; was detected.
For the purpose of comparison, pure H, was fed to the anode side in replace of the simulated
reformate gas, the similar results were obtained with H, produced at the cathode side. The
production rates of H, from pure H; and the simulated reformate were similar under the same
constant current conditions. These results indicated the viability of the proposed electrochemical
hydrogen purification method at ambient pressure.

16



The optimization of the hydrogen purification process focused on the MEAs for decreased
cell voltage and increased electrochemical reaction rate. The prepared MEAs were evaluated as a
function of reaction temperature based on the measured potential-current curves with hydrogen
as reactant input through both anode and cathode chambers of a modified fuel cell. At
temperatures relevant to the purification process operating conditions, a typical cell voltage is
around 0.2 V at a constant current density of 200 mA cm’?, with dry H; as the input. This cell
voltage was decreased to 0.15 V at the same current density when dry H, was switched to wet
H,. This decrease in the cell voltage is mainly caused by the increase in electrolyte membrane
conductivity in the presence of moisture. It is expected that the cell voltage could be further
decreased at a controlled current density via further<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>